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Genomic sequencing 

(PNA sntbytaUunAJV cro«siaikroe/ntur t^bridtuiioii/immtinoelobuUa genes] 
George M. Church* and Waltbr Gilbert"^ 

•B«Ioti»i Ubofitortcr. Harvinl UoivcTsity, CirtbAd^c, Ma OjnB: and TBioaon. Inc.. J4 OmtwWet C«ni«r» Carobridct, MA 02(42 
Conirihu/fd by Walter Oilhctl, December 19, }98} 



ABSTRACT Vmqae DNA Sequences csa be deiermincd 
directly from mouse g«»onuc DNA. A deAstuHse ge* separaies 
by siZK mimires of unlabded DNA fhigmenis £hsn com(riet£ re- 
strlctioQ and partial chemical cleavages of tlifi entire genome. 
These \mes of DNA are traafiferred and CV-crxtfSlLnked lo ny- 
lon mnnbraacs, Hybridizatiod with a ibort ^-labeled fiillel^' 
sirsaded probe produces the image ot a DNA scqooaee 'lad- 
der' enendEne from the 3' or 5' end of ooe rtstrlcUaa rite In 
the genoohr. Numfiroos dif/ervnt seqaences can be obtained 
from 9 single membrane by reprobine. Each band id these se» 
quences represents 3 of DNA complemenlar? to the probe. 
Sequence dnCa from mouse lmniiina|[lobuUB heavy chain genes 
from severoJ ceO types are prtsented. The ismomic sequendng 
pr^cedurts are applicable to the anaiysis of gonedc polymor^ 
phisms, DNA melhylatinn at deoxycytldlnes, and nucick acid^ 
proieio interactions at angle nucleotide r^otulion. 

Kow can we visualize the mit of indivj^uai nucleotides 
within br^e chrooiosomej? Buring recombinant DNA clon- 
ing. tnfonssTlon about DMA cnethylation and cbromotin 
scnitiure Is lost. Direct chcmicb) modincauon of the ceoomc 
combined wiih complete resirlciion enzyme digestion and 
scpnntion by size on a denaturing gel preserves some of ihia 
iiuormfttinn in the form of numerous comigraiins sets of 
DNA sequence "^ladders." To access one sequence at a time, 
Che lanes of DNA arc iransferred and crosslinked co a nyloo 
membrane and hybridized lu d shoa sfnglc-stranded ^^P-la- 
beled probe specific for one end of one restriction fragmeni 
within [he gcnonie. Fig. 1 illusiraies why this- works. Th^ 
probe called "3' lower" will hybridize to only three dasscs 
of DNA reaction products: the nppropn'ace fragments ex» 
lending from the 3' end ol the lower strand of (he resiriciton 
fragment, the longest fragmcnls from the 5* «nd of the upper 
<trand (which will only affect the top of the sequence lad- 
ilcr), and the middle fragments wirh both ends produced by 
chemical cleavage ("zigzags"). The ;»bundanca of the appro- 
oriaie fragments is proporuohal to the probability (P) that 
the chemical reaction cleaves at any given target. Because 
the abundance of the middle fragments is pmponional to 
interference can be diminished by decreasing the eitlcm of 
the reaction. About one cleavage every 500 nucleotides .is 
optimal. Decreasing Lh? lengU) of ihc probe also alleviates 
(he problem of hybridization to frrigments from the wranig 
end and the middle; however, very short probes (less than 20 
nucleotides long) and low stringency w:«5hcs>can produce a 
crossreacting background. Probes 100 to 200 nucleotides 
long work well. 

DNA MefhylQtion. Up lu 12% of all cyrosines in vencbnito 
genofnes arr methylated mainly at C-G sequences. In plants, 
up 10 50% of all cylDsmes are methylaied mainly i^t C-G and 
C-N-G sequences (reviewed in ref. 1). Only a ^mall subset of 
these mcthylation sites can be luisoyed by restriction analy- 
ses (2), and flanking sequences can severely affect the rela- 

inibliuiion costs of this ftniclc were 6ttnyt6 in pan by p;i^ disrge 
P^ymflnu This Mticle must ihcrcforc be hereby msrtcd " advenUetf^tnt' 
ifl Sftcardflncc with 18 tJ.S.C- H734 sokty to indicatr this uci. 
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Pto. 1. All ttie iiogle-sinuided DNA rotcnon pn>ducts expected 
in the complete restriction cleavage ioi3 psnial cytosmc-spennc 
daavage reactions for a rcjxrictioo fragment. The cytouztc residues 
are indicated by Cs on each of the cenind gcnnntc DNA cu-ands. 
B6tw££ji these su^nds, four short white 3m>ws indicate the four 
posdble probes for this r&srnciinn fragmeDi. The probes arc referred 
Lo by the type of seqaoQce ihcy wOl produce. For example, hybrid- 
ization with the 3' tower probe prodnees the image nf (he 3* end- 
labeled aequenec of the lower strand. The straight arrows represent 
rcacu'on products chut will convibuie to readable sequences only 
tfhen the probe indicaLed by adjacent Wackcis is used. Zifzss lin^t 
represent Iniemul reaction prudui.-u thAt can only deteriorate the 
sequence when the probes are made long enough lu ui^etlap nurny of 
thcM. 

tive efficiencies of rcsiricilon enzyme recogniiioo (3, 4). 
Transfcction of in vitro methylated DNA into mammalian 
cells (5> 6} can demonstrare site*; of cytosine methylation that 
tJTcct RNA transcription, as long as the maintenance of chit 
mcthylatjon at such sites can be followed. The ability to ana- 
lyze every cyiostne ithould &Id the analyses of corrc In lions 
between ^ene expression and DNA methylalion (1). 

Hydrazine reacts poorly with 5-mcihylcytosiuc relative to 
cytosine and Ihymine residues 0, i). Thus, tnethylaiion lev- 
els of individual cytosine bases in DNA firom various tissues 
can be quantitated from genomic sequence^delcrmiiuiioo 
autoradiognphs. The same DNA replicated ih':Jischer{Ma 
coU acts AS an unmcthylared control. 

MATERIALS AND METHODS 

DNA Samples. To determine the sequence of a specific rc- 
5)on of DNA, we use a resirictioo enzyme thai cuts about 
100-200 base iioirs (bp) away on one side of the region aad a 
greater distance away on the other side. Genomic DNA sam- 
ples are cur to completion, prcdptrai&d by eihanol. and re- 
suepjsndcd at 10 m€/m1 in 10 mM Tris-HQ, pH ^.5/1 oaM 
EDTA. Five S->il aliquois of the DNA are treated with stan- 
dard G, A+C, T I C, T, and C chomisirics (9, 10), AAcr the 
final lyophilizaiions. the samples are rcsuspended at 10 
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Mfi/^l in 9A% fonnami(ic/0.05% xylene cyanol/0,05% bro- 
ruopbeool bluc/10 mM Na,£tlTA. pH 7.2. With a Hamilton 
syringe (1701SNWG. 31-gauge, 5-cm. poini 3 needle). 2,5 >4 
of each reaction is loaded on a 50 x 50 x 0.07<; cm 6% ncryN 
aniide/0.15% bisncryJamidc/? M ure&/50 mM Ttis bomid 
EDTA, pH 8.3/0.1% wnmoruum pt«uifetc/0.19& /V,A^./sr^"- 
ificraflicihyleihyJenediamine gel in 5-nnm-wide slou fonned 
by a series of poJyacrylamide or aceiaJ plastic dividers 0.5-1 
mm wide. 

Nylon Membranes. Many fillers retain email DNA frag^ 
ment& &nd resist damage better than does nitroccl/ulose, 
DBM (11). DPT (12). Milliport poly(vinylidene fiuoridc), 
Bio-Rad Zc(aprobe, New England Nuclear GcneScreen 
plus. AMF Cuno Zciabind. Pall RU, and PaJI Biodyoc A 
have been used to produce scquenco paitfims wiih loadings 
that rtinge from nanogrum lo 20-fg announls of hybridlzable 
DNA pel band. Ccnain nylon membranes aJlow us to detect 
3 fg of hybridizable DNA per band: a/nonR two lots of Pall 
(32 X 50 cm from Chiahalm (Cranston* RD and three lot* 
of GcneScpten (New England Nuclear), wc have noticed no 
significant variation in the signal-io-noiQe latio for single- 
copy setjuences. 

EJectropboretic Transfer. The foUowinje; protocol deviates 
fVom previous proCocoh (33-21). We built « 3ft k 46 x 20 cm 
tran.sfer device from Plexiglas cgg-cnilc louver panels (from 
.MN Plauucs CMu Vernon, NY). Scotch-Brite puds (96 lypc- 
induscrial: 3M, fnc.» Minneapolis. MN)» and 32'Eauge ptari- 
num wire; Replicas of this device can he obtained from 
Charles Barbagalio CHarvard Biological LahonUorics. Oim- 
bridge, MA). 

The gel nnd nyluo membrane are kept Uioroughiy wet tvith 
50 mM Tris boraie/EDTA, pH 8.3. I'he gel can be trans- 
ferred immediately after compteUun of Ihc eicctrophorctic 
separadon of the DNA fragmentc (remov^ of urea from the 
gel, DNA depurinotion, and clcavnge orbi<vacf7t&mide cross- 
linkers are not nccessaxy). The gel, if 0.76 mm ihick, is low- 
ered directly &t>m the glass plate onto one ScoLch-Brite sur- 
face of the transfer device. Thinner eel3 are lifted with dry 
Whaiman 540 paper and placed iramcdidtely on ihc Scoich- 
Britc surface. The nylon membrane is placed on the gcJ with- 
out capping pockets of air or buffer at the ime^face. Keeping 
the gel pUine horizontal, during Iransfcr prevents sagging of 
the large chin Qeh and rriembrafles and allows application of 
pressure from a maas to the central rrgson of the ira.is- 
fer assembly to aid light contact between the gel and nylon 
surfaces. The power for elecirophoretic transfer Is supplied 
by line current with a bridge rectifier, which delivers 108 V 
at 120 pulses per sec direct current output up to 4 A (avail- 
able from J, SIcsre. 665 North St.. Tewlcsbury. WA 01876). 
The rate of transfer depends on DNA size, but in 30 nnin with 
a lOIUV potandal over the 10 cm between clccirodcs in 50 
mM Tris bori*te/EDTA» greater ihart 90% of the DNa frag- 
ft>entx. 2fi through 516 nucleotides in length. Uansfer from a 
1.5-mm thick 6% poly aery bmide gel. 

UV Irradlaoioa. The lower left comer of the wet membrane 
is clipped to designate that the DN A-coatcd side is fiicing up. 
This side is placed on caul &kf:in Wrap and Irradiated through 
the Saran Wrap at ^ distance of 35 cm from one or more 
germicidal UV bulbft. The U V flux can be measured with a 
Blak-Ray 260-nin UV meier (from American Scientific Prod- 
ucts) or Qtn be dclermincd crapiritttUy by using gcpomic se- 
quence analysis transfers. The opiimaJ UV dose for cross- 
linWng DNA to the Tdier is 1.6 U/m\ which on our device 
using cu bulbs is 1200 >AW/cin^ for 2 min. DNA images on 
compieiely dry membranes have a 90% lower optimal UV 
do3e. 

Wc dncd (of ''?>labeled Nl^*s onto nylon membranes and 
UV-irradiatcd these or 0.16 U/m^ Nucleotide binding was 
stabilized 130-fold for TTP and 30-, 20-,. and lO-fold for 
dOTP, dCTP. and dATP, respectively. These bonds were 



stable for over 14 hr ai 6rC at pH 2 through 11. >^mary 
amino groups (which are present on nylon) are highly reac- 
tive with 254-nm lighr-activaied thymines (22). 

DNA Probe Synthesis. A gcl-purricri DNA fragment, ho- 
mologous to sequences to one side of the reRtJ-iciion site se^ 
locted for the (oiaJ genomic digests, is subdotied into Sma J- 
cut mp8 vector (23). Large quantities (>500'Atg) of single- 
stranded phage ON A are prcpanrd from individual white 
plaques, avoiding residual traces of bacterial DNA .and poJy. 
ethylene glycol. The singlc-strandid DNA is resuspcnded at 
2 mg/ml in 10 mM Tris-HCl/1 mM NajEDrfA. pH 7.5. hnd 
30 >il of this DNA, 7 mI of synthetic 17-micIcoU'dc-lon8 se- 
quence assfty primer from Collaborative Research (Waj- 
ihftm, Ma) ai 10 ng/ptU and 2 >a of 100 mM MgClj &re incu- 
bated at 50'C for 40 min. TTien. 1 ^ of cry^milinc grade bo- 
vine serum albumin at 10 mg/ml, 1 ;il of 3 mM dCTP/3 mM 
dGT?/3 mM TTP, 0,1 aI of 200 mM dithiothreitol. 50 ^1 of 
lo-^^PldATP at 10 mCi/ml O5000 O'/mmol; I Ci - 37 OHq), 
and 3 of BNA polymers e ] large fragment ax S units />il 
from New England BioLabs or Bethesda Research Labora- 
tories are mixed and incubated at IS^C for 40 min. After ad- 
dition of 2U0 of !M% fomumide/0.05^ xylene cyanol/ 
0.059& broc^pphcnol blue/10 mM Na^EDTA, pH 7.2, the re- 
action is heate|^ in a boiling water bath, 10 ^ ofl M NaOH is 
added, and thcrentlre sample is loaded directly (without cool- 
ing) onto a 15 X 0,6 x 0.15 cm slot on a 20 x lO x 0.15 cm 
6% acrybnnidc/0.'l5% bisacrylamidc/7 M urca/50 mM Tris 
boratc/EDTA. pH B.3/0.1% ammonium per5ulfate/0.1% 
A^.A/./V.^/'-tetramethylethylenediamine gel that has been 
preheated to u 50'*C surface iempcr:&ture by preelectrophore- 
sis Hi 250 V/10 cm and 90 aiA. When the brumophenol blue 
dye reache.^ 1.4 cm from the origin (about 10 min), Ihc xylene 
cyanol dye-stained region of the gel is excised, ground with a 
thick glass rod, ;tnd clutcd in 10 ml of faybridi^tton buffer 
{set below) for 45. min at 50^C. Small scale reactions should 
show greater than 90% of the label incorporated into frhg- 
menls 90-130 nucleoiides in length. If most of the extension 
reaction products arc longer than 150 bp« the primer and 
template DNA concentmions should be increased and the 
reaction relesced. 

RNA Probe Synihesis. TTje RNA polytncrasc tran- 
scription is done as described by Zinn er al, (24) ami modi- 
fied by K. Zinn. The SP63 vector used contains an SP6 pro- 
moter very near a HMUl cloning site (P. Kreig and D. Mel- 
lon, personal communicadon). The followmg are mixed in 
order at 24*C: 6 ^d of mx (90 mM Tris HQ, pH 7.5/14 mM 
Mea2/5 mM'^nmdine*Ha/l-3 mM ATP/1.3 mM CfP/ 
1 .3 mM GTP/22 mM diUiioChrcilol/0.6 units of Promcga Bio- 
tec (Mndison, Wl) RNasin per mil. 10 >d of [ff-^P]rUTP at 
50 mCi/ml (3000 Ci/mmol; partially lyophilizcd from 50 ^). 
2 fj} of rasiricied DNA template at 1 mg/ml in HjO, and 0.7 
id of SP6 RNA polymeric at 7 uoitt/>J, The reaction is 
incubated ai 37*0 for 1 hr. then 8 ^ of niix, 10 /xl of H:0« 2 
Ml of DNA template, and 0 J mI of enzyme are added, and the 
reaction mixture is incubated an addiuonal hdur. Fifty-per- 
cent incorpoiauon of (be label should be achieved. The reac- 
tion mixture is extracted with phenol, and the exir^cicd 
DNA is precipitated and rinsed with eihanol, dried, and re- 
. suspended in 50 >iJ of 10 mM Tris-HO/l mM EDTA before 
dilution in 5 mi of hybridizadon buffer- The enzyme is avail- 
able from New England Nuclear &nd Promcga Biotec. 

HybridizaUon* Gel cluiion and hybridization buffer is 1% 
cryslalUnc grade bovine senim alburain/l mM EDTA/U.5 M 
NaHP04, pH 7.2/75S NaDodSO, p M NaHPO, (pH 7.2) 
slock is composed of g of NajHPOi-THiO and 4 ml of 
85% H>P04 per liter]. Either Pierce 28365 or Bio-Rad 161- 
0302 NaDodSO^ is adequate. Carrier DNA, RNA, pyrophos- 
phate. Dcxtran sulfate, Ficoll, and poiyvinylpyrroUdonc art 
not required in these hybriduwitionj5. Bovine serum albumin 
has only a 2-fold effect on background. The UV-inadiaied 
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' ' nylon membntnc is placed in a polyeThylene/pclyftater-laffl- 
nai^d bag (18 ^ li ^^^^ ScDCchpak 229 ft-om Spec-Fab (Ri* 
• ytrion, NJ) and rinsed urjch wat^. Excess waier is removed 
tic^ore addition of 30 ml o/ hybriduaiion buffer- The b;xg is 
hest-scalcd (model 254-B 1/4 x 24 inch Teflon jaws from 
Oamco, Cleveland, OH) for 4 sec at 250*F and placed at 
for 5 min. The gel particles are removed from the eluted 
prob« by centrifugal ion a( 3000 x ^ for 3 min and by mpid 
[tUniion or ine supernatant through a 0.22->im MUlex-GV 
filter. The 30 ml of hybridization buffer in the bag [s replaced 
ty the probe. The hag is repealed, incubated at for 8-24 
hr in a water batJi, reopened, and Ruhmergad in I liter of 
Q.S'ii fracuon V-gradc boviac $cn)m Albumin/X mM 
NazEDTA/40 mM NaHPO^, pH 7.2/5% NaDodSOa. After 5 
niin ^ch agitation, the membrane is iran$ferrtd lo another 
inch widh, followed by eight washes- (1 liter each) in 1 mM 
Na,EDTA/40 niM NaHPO^. pH 7.2/1% NaDodSOd for 5^ 
Oiin each. For chc RNA probes, three adJitioojil ^mhes in 
100 mM NaHPO< (pH 7.23 to remove NaDodSO^ and treat* 
ment with 30 ml of KNase A (10 w^ml) in 0.3 M NaCl/lQ 
mM Tris-Ha/1 mM Na^KDTA. pH 7.5. ai 3rC for 15 min 
\x*cTe done. 

The staled volumes arc intended for one nylon ^heel mea- 
iuring 30 X 40 cm. When the total mcmbrdnc surface area is 
'Jilferent, the probe synthesis^ hybridization, and wash vol- 
umzs are actjusied proponionuUy. The w^sA\ sohirions arv 
kept at SS^'C prior to use, but the wash agitations arc done at 
^ room tcmpcj*amrc for convenience. The last wash Is brought 
(0 bS^C by scaling the membrane and wash solution in a bag 
and subroergios this in a water bath for 20 min. The lolai 
Na" concentration in this wash is 76 mM . The dry mcmbnine^ 
is uutoradiographcd on prcfUshed XAR-5 film at '^O^'C ^ith 
an imensifying screen (25) for 2 or more days. Tlie probe can 
he eluied by washing in 500 ml of 2 mM Tris/EDTA. pH 
R,i/0.1% NaDodS04 for 15 min at ^S^'C, and Oicn the mem- 
brane can be reprobcd. 

RESULTS AND DISCUSSlOiN 

Afl Example. We have studied rhe methylation of cyto- 
sine^ in a region from the mouse IgM heavy chnin constant 
region gene in five cell types. Fig. 2 shows the probes for 
Ihe ends of h 5U-bp Af^JO I ft-agmcnt iha( covers ihe third 
intfoo of C^. Fjg. 3 shows the genomic sequencing patterns. 
ON A in lanes of Fig. 3 Le/f arc hybndt?jed to the llO-nucleD* 
tide long 5' lower probe (Fig. 2); then rhc membrane was 
stripped and rctlybridi^ctl (Fig. 3 fii^ht) with the 256-nuclco- 
tide-long RNA transcript corresponding to the y jowcr 
probe (Fig, 2). The lanes in Fig. 3 morJced 1 (liver) display the 
base-5pecific (guanine* purine, pyrimidine, thymine, and cy- 
tosinc) reactions on 25 fig of liver DNA. The subsequent 
Unes displayed arc cytusine- specific reactions on DN A from 
thymus spleen cells sorted for surface IgM , positive and 
negative Actions (m and n). and RAW 8.1 lymphosarcoma 
cells (r). 

'-^ The genomic clone (pIgMCl) used as the unmethylated 
conirul (Fig. 3. Uncs p) was derived from the BALO/c cell 
line 18-4ji( (29). Wc analyzed tissues from 3-monlh-old female 
mice of the same inbned BALB/c strain.. Three groups indc- 
pendcniiy have reported sequence data for (he region of 
BALB/c mice (30-32). Ailhough these three sequences dif- 
fer &i 5unic podirions. Uiey agree al :hc pasjtions of the C-G 
dinucleotides that wc have analyzed. Iniertane variaiions in 
cytosine band intensities arc apparent at the C-G dinuclco- 
tides al positions 192, 325, and 401 (see arrowhead.^ in Pigs. 2 
and 3), The cyiosinc til 192 u normally reactive (unmethylat- 
ed) in liver and in the TgM-posiiive spleen ccUs and is hypo- 
reactive (methylated) in the thymus, a lymphosarcoma, and 
the surface IgM-neeacive spleen cells. The cyiosine at 4Ul, 
part of 6 Hpti U site, appears methylaed in all cell lypes, but 
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Pic. 2. Mouse C^-specifie probes. The four cxora of ihe 
VrtA (solid bluck blucksj fire placed in itic con^e^t oruic other gene 
seements rcqimcd fur he^vy chain gene expression anU recogoitton 
djvtrsiiy (no( lo HcJe (V, varlftbJc: D, diwcrsiiy; J, joinmg; E, en- 
hancer; S. switch; C^-a. cottstani domaias); see ref. 26 for a re- 
view). The 5n-bp Mho 1 Tn^ent At iht 3* end of is ihown en- 
lArged u iwn long block arrows. Between these ^inmdi the e?cuau 
>nd poJ&ntJC9 oT the two pTtsbes are indicated hy while arrows. The 
numerals beneath tho lower Mmnd Indicaic the pasiuau of C-G dh 
Quetcottdts relative lo the 3* «nd of Otis scr^nd. Throe of ihej^ are 
present jn the scqncncefi lO Fia* ^' ^9^* a^d 401. Tl»e plftSmid 
pIgMCl w&s const roctcd from pBR3Z2 and a 5.0-kfap ^a/riKI-5coRI 
ftigmcm from gonomic bNA of Abclson vinK-vansfonmcd 18^48 
BALB/c cell Uno» (provided hy A. Pcrlmuuer). The 3' lower probe 
was syntlicst'.eJ iit dexribed'in Materiati end Methods on a single 
Stranded templole from aa mpH recombinant pha^e. pIgM5UMbo- 
5lowar^ conluining a llD*-bp Msp USait}A firigacm from pIgMCl 
cioncd into mxA with the ffpa 11 site 33 oucleoudes from ihe synUiei- 
Ic primer binding site The 3' lower R>/A probe wns synihotfiaed 
tirom the plajBrnid, plKM51IMbo?' lower, wb'ch was conslnicied 
from /fmrilll-cui pSP63 (protfidcd hy P. Krieg and D. Mdlon) and 
the 5U*bp Sou^M fVaeinenf of pJsMCl. AH 3' ftndi were iiWcd in 
before ligation. Tho recombinant plsismld cut tbiih P£t 1 acicd M 
iem;>Uic for transcription. 

in the IgM'posiiive cells (where this site is less clear), a smaD 
degree of unmeihylaiion is not ruled oul The cytosine at 315 
produces no bands (less that liy% reactivity by densitometry 
compared to normal jnicnsities in the conirol plasmid cyto- 
sine-specific reaction— lane p) in all mouse ceD types ana- 
lyzed, consistent with high levels of methylation. Thus, 
within a space of 133 nucleotides, we find two C-C dJnuclco- 
lidcs (positioiia 192 nnd 325) wiih difTerent tissue-specific 
UNA methylation. Previous studies on gene DNA meth- 
ylation (33-35) were limited to Hptt U cleavag^; sites. 

Unambiguous sequence can be read for the liver DNA ar 
positions 368-399 when hybridised *ith the 110 nudcotide 
long plgMSlXMboS' low6r probe (Fig- 3 Uft). When the 
DNA was rchybridizcd wiih ihe 25^nudeoiidc-lofig RNA 
probe (Fig. 3 Ri^hth the lane labeled G became less read- 
able, even though the C lanea were clear in both bybridiza;- 
tJonfl. Tins probably represents hybridizaicon to internal 
fragments with buih ^nds produced by chcmico) deavagcs 
(zigza? lines in Hg. 1). which affected one G lane because of 
rhe combined effects of ovcrreaction (about one hit per. SO 
nucleotides rather ihan the recommended one per 500) and a 
long probe. 

Other Applicatjons* The genomic sequencing lectmiques 
will allow analysis of enzymatic and chemical inliibiiion en- 
hancement paiiems ("foorprinting") of toe chromatin over 
single genes in whole cellA or nuclei at single nucleotide reso- 
lution. By determiniog the sequence of genomic DNA with 
the singic-base-speclflc chemical reactions, gciieiic poly- 
morphlsffis and somatic muuiions should be detectable even 
in hcicrozypotes. The UV irradiation of nucleic acids on 
ptire nylon membranes and the uj;e of high NaDodS04 wash- 
es should be helpful in a variety of filter hybridizaiion stud- 
ies that require high sensitivity and reprobing. Gal fraction- 
aiioD of genomic restriction dige:;is will permit sequence de- 
termination of repetitive elcmeats or DNA from organisms 
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9' lower probe 
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K'uh more than 5 ID* bp per haploid genome cquivalcnl. Iji 
;oniun=iion ^viih cjuyme-linked probes (36). it may be possi- 
\'\z (o dctcnniAc ihc jequcntc of DNA U'iiboui using radio- 
icrive compouruJs. 

Genoriuc DKa Sequence dcrcnnination has been success, 
hilv appii«3 10 other sysietni: nil insulin II gene DNA mcih- 
/lauon (H. Nici: artd R. Catc. pcnonal commu/ucaiion)' 
:,=NA methylauon maiTiienance of //j vitro msihylared bumaji 
e:al s}ob)n gene tnrwfccccd inta mouse L ccHs (ref. 6- uq- 
jubHsbed data): /ac operawrDNA acccssibiHiy lo dimethyl 
:a]fate in miacli:, coti cells (H. Nick, personal coinmunici- 
lon]; and acceasibib'iy of a human ^-interferon fiene -bovine 
iupfllomavirus coniiruci to dimethyl sulfaie in mouse CP7 
;elJc (K. Zinn and T. Man/atjs. persona] communication)." 

Wi tharic flichard Ciie, Wei Chung Goh, Winship Herr M'.riy 
Krcuman. Harry Nick. Larry Pccfc, Aaron Pcrlmiirrer. Gary Jiuv- 
cun. DctJUJ Schwaru, Richard T;7j»rd. Cur) Wu, CJiAo-T/nft Wu 
inrt Kjii I'lnn forsharinfi rtieir ideas and-ihcir czpohanccs with oirly 
.dr-.o -f cf ihe^i pfoccdums:. We ih^nk Paul Kricg. {3oug Mdion 
vticht !i=b6^au. :»Dd Kw Zinn for hdp *fth tht system and 
/nmey Skare for help w.ih his powir rupplfw. Tliij work ^ajt sup- 
po;ico by Nfitional Insiieutcs orn&i\\h Gmni GMfi9S4l.22 and h» 
Biugen N.V. 
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